Background-Arterial stiffness is an independent determinant of cardiovascular risk, and arterial stiffening is the predominant abnormality in systolic hypertension. Elastin is the main elastic component of the arterial wall and can be degraded by a number of enzymes, including matrix metalloproteinase-9 (MMP-9) and MMP-2. We hypothesized that elastase activity would be related to arterial stiffness and tested this using isolated systolic hypertension (ISH) as a model of stiffening and separately in a large cohort of healthy individuals. Methods and Results-A total of 116 subjects with ISH and 114 matched controls, as well as 447 individuals free from cardiovascular disease were studied. Aortic and brachial pulse wave velocity (PWV) and augmentation index were determined. Blood pressure, lipids, C-reactive protein, MMP-9, MMP-2, serum elastase activity (SEA), and tissue-specific inhibitor 2 of metalloproteinases were measured. Aortic and brachial PWV, MMP-9, MMP-2, and SEA levels were increased in ISH subjects compared with controls (Pϭ0.001). MMP-9 levels correlated linearly and significantly with aortic (rϭ0.45; Pϭ0.001) and brachial PWV (rϭ0.22; Pϭ0.002), even after adjustments for confounding variables. In the younger, healthy subjects, MMP-9 and SEA were also independently associated with aortic PWV. Conclusions-Aortic stiffness is related to MMP-9 levels and SEA, not only in ISH, but also in younger, apparently healthy individuals. This suggests that elastases including MMP-9 may be involved in the process of arterial stiffening and development of ISH. 
A lthough originally considered as inert conduits, the large arteries are now recognized to play an important role in buffering the cyclic changes in blood pressure attributable to intermittent ventricular ejection. 1 Stiffening of the large arteries has a number of adverse hemodynamic consequences, including widening of the pulse pressure and alterations in shear stress, which promote vascular and cardiac remodeling, and ultimately increase cardiovascular risk. 1 Indeed, aortic pulse wave velocity (PWV), a measure of distensibility, predicts mortality in patients with end-stage renal failure, hypertension, diabetes, and in older individuals, independently of confounding factors. [2] [3] [4] [5] However, the mechanisms responsible for arterial stiffening remain incompletely understood.
The main physiological determinants of large artery stiffness are structural elements within the arterial wall, smooth muscle tone, and mean arterial pressure (MAP). 1 Among the various structural proteins, elastin provides the main "elastic" element of arteries. Although elastin was once considered inert, a number of cells within the arterial wall are now known to synthesize elastin de novo, even in adults. Elastin is also susceptible to degradation, and the amino acid composition of arterial elastin changes with age. 6 Together, this suggests that arterial elastin is actually turned over, albeit with a long half life. Interestingly, a number of enzymes such as serine proteases and several members of the matrix metalloproteinases (MMPs), including MMP-9 and MMP-2, are able to break down elastin.
Increased total serum elastase activity (SEA) is associated with atherosclerosis and an increased risk of cardiovascular disease (CVD). 7 More specifically, MMP-9 and MMP-2 play an important role in vascular remodeling. 8 -10 Increased MMP-9 and MMP-2 activity is associated with destruction of the elastic laminae of arteries, and aneurysm formation in animals 11 and humans. 12 Moreover, functional variants in the promoter region of the MMP-9 gene are associated with the severity of CVD 13 and systemic arterial stiffness 14 in patients with known CVD. More recently, plasma MMP-9 levels have been identified as a novel predictor of cardiovascular risk in patients with coronary artery disease 15 and stroke. 16 However, the role of MMP-9 and MMP-2 in arterial stiffening per se has not been investigated previously. We hypothesized that serum MMP-9 and MMP-2 levels, and SEA would be independently related to aortic stiffness in humans. The aim was to investigate the relationship between arterial stiffness and MMP-9, MMP-2, and SEA levels using 2 different approaches: first, in subjects with isolated systolic hypertension (ISH), as a clinically relevant model of arterial stiffening, and, second, in a large cohort of younger, healthy individuals free from the potential confounding influence of CVD.
Methods

Subjects
All subjects were studied as part of an ongoing, community-based investigation into the factors influencing arterial stiffness. 17 Individuals were selected at random from local general practice lists by letter of invitation (the overall response rate was 85%). Subjects with diabetes, hypercholesterolemia (total cholesterol Ն6.5 mmol/L), renal disease (defined as a clinical history, creatinine Ն150 mol/L, or an active urinary sediment), a history of CVD (defined as a clinical history or evidence at examination), known inflammatory conditions, malignancy, or a recent history of infection were excluded from the present analyses, as were subjects receiving any medication. Approval was obtained from the Local Research Ethics Committee and written informed consent obtained from each participant.
Study 1
A total of 116 never-treated subjects with ISH, defined as blood pressure Ն140 and Ͻ90 mm Hg on Ն3 occasions, and no previous history of diastolic or systolic diastolic hypertension, were studied, together with 114 age-and gender-matched controls. Blood pressure, PWV, and biochemical markers including lipids, glucose, C-reactive protein (CRP), SEA, MMP-9 and MMP-2, and tissue-specific inhibitor 2 of metalloproteinases (TIMP-2) were measured. Reported smoking status was also noted.
Study 2
A total of 447 younger, healthy individuals, untreated and with no evidence of symptomatic CVD, was recruited. Blood pressure, PWV, and biochemical markers including lipids, glucose, CRP, SEA, and MMP-9 were assessed. Reported smoking status was also noted.
Clinical Measurements
All studies were conducted in a quiet, temperature-controlled room. After 20 minutes of supine rest, peripheral blood pressure was recorded in the brachial artery of the dominant arm using a validated oscillometric technique (HEM-705CP; Omron Corp.). 18 Radial artery waveforms were obtained with a high-fidelity micromanometer (SPC-301; Millar Instruments) from the wrist, and from this, a corresponding central waveform was generated using a validated transfer function (Sphygmocor; AtCor Medical) 19 -21 as described previously in detail. 22 Augmentation index (AIx), a composite measure of systemic arterial stiffness and wave reflection, and heart rate were determined using the integral software. 23 Aortic PWV was measured using the same device by sequentially recording ECGgated carotid and femoral artery waveforms 22 and brachial PWV from carotid and radial arteries. 22 All measurements were made in duplicate and mean values used in the subsequent analysis.
Laboratory Measurements
A total of 20 mL of blood was drawn and the serum separated and stored at Ϫ80°C. Total cholesterol, triglycerides, glucose, and CRP were determined using standard methodology. Commercially available sandwich ELISA assays (Oncogene Research Products) were used to determine levels of MMP-2, MMP-9, and TIMP-2. The lower limit of detection was 0.1 ng/mL for MMP-2 and MMP-9, and 3.0 ng/mL for TIMP-2. TIMP-2 was measured because it inhibits MMP-2 and MMP-9. The coefficient of variation was Ͻ8% for all assays. Initial experiments of the assay indicated inhibition of elastases with EDTA plasma, hence, all the assays were measured using serum samples.
SEA was determined using a synthetic substrate, succinyl trialanine paranitroanilide, according to a modified colorimetric assay. 24 Standard curves were prepared with crystalline pancreatic elastase type IV (Sigma). The absorbance of the assay was read at 0 hours and 24 hours after incubation at 37°C (titertech MR5000) at 405 nm. Results were expressed as mol/mL. All samples were analyzed in duplicate. The coefficient of variation was Ͻ10% in study 1 and study 2.
Data Analysis
Data were analyzed using SPSS software. Logarithmic transformations were performed for distributions that were significantly skewed, and these variables were used in the subsequent analysis. Student t test was used to compare group differences. Correlation and stepwise regression analyses were performed to investigate the relationship between arterial stiffness and other parameters. All values represent means and SDs. For skewed variables, data are presented as medians and interquartile range, and Mann-Whitney test was used for group comparisons. A P value of Ͻ0.05 was considered significant.
Results
Study 1
The baseline characteristics of the subjects are shown in Table 1 . There were no significant differences between the 2 groups for age (range 58 to 83 years), gender, body mass index, lipid fractions (cholesterol, triglycerides), and glucose levels. As expected, systolic, diastolic, and mean pressures were significantly higher in ISH subjects compared with controls. Although aortic and brachial PWV were significantly higher in systolic hypertensives, AIx did not differ. Moreover, only aortic PWV was significantly higher in the ISH group after correcting for MAP 2 (mean difference 1.5 m/s; Pϭ0.001). SEA, MMP-2, and MMP-9 levels were all significantly higher in the hypertensives compared with controls, but TIMP-2 levels did not differ.
Aortic PWV was significantly correlated with MMP-9 ( Figure) , MMP-2, and SEA (Table 2 ). Similar associations were observed for brachial PWV ( Table 2) . As expected, MMP-9 correlated significantly and positively with SEA (rϭ0.26; Pϭ0.001; data not shown).
Because arterial stiffness is influenced by a number of factors such as age, MAP, and cardiovascular risk factors, we performed a stepwise regression analysis on the whole data set. MMP-9 levels, age, and MAP were independently associated with aortic PWV (Table 3) . Surprisingly, MMP-9 levels accounted for most of the variability in aortic PWV (19%). Substitution of SBP for MAP in this model did not significantly alter the results or the factors predicting PWV (data not shown). In a separate regression analysis, MMP-2 and SEA also associated independently with aortic PWV (data not shown).
Study 2
The baseline characteristics of the subjects are shown in Table 4 . The mean age of the group was 42 years (range 19 to 80 years). As expected, the average systolic, diastolic, and mean blood pressures were in the normal range. Similarly, the mean and median values of the serum markers were also within the normal range.
Serum MMP-9 levels and SEA were significantly and positively correlated with aortic PWV and MAP (Table 2) . Using a stepwise regression analysis, MMP-9 was found to be an independent predictor of aortic PWV (Table 3) . A similar relationship was observed when systolic blood pressure was included in the model rather than MAP (data not shown). Furthermore, a similar independent association was also found between SEA and aortic PWV (data not shown).
Discussion
The current study examined, for the first time, the relationship between serum elastases and arterial stiffness in subjects with ISH, a condition characterized by increased arterial stiffness, and also in healthy controls. The main findings were that MMP-9 and MMP-2 levels, and SEA were increased in subjects with ISH compared with controls and correlated independently with aortic PWV. Moreover, even in young, healthy, normotensive individuals MMP-9 levels were an independent predictor of aortic stiffness. In addition, we confirmed our previous observations by demonstrating a Relationship between aortic PWV and serum MMP-9 levels. The correlation coefficient for the whole group was 0.45 (PϽ0.001). ISH subjects are indicated by OE; matched controls, •.
significant independent relationship between inflammation and aortic PWV 17 and an association between MMP-9 and CRP. 25 These data suggest a role of elastases, including MMP-9, in large artery stiffening.
Stiffening of the large arteries is associated with a widening of pulse pressure and an increased cardiovascular risk. 26 The large arteries contain a number of different structural proteins, but elastin, which accounts for Յ40% dry weight, provides the main elastic element. However, elastin is susceptible to chemical attack 27 and is degraded by a number of enzymes, including MMP-9, MMP-2, and various serine proteases. Previous studies have demonstrated increased SEA 7 and particularly MMP-9 and MMP-2 levels in patients with CVD. 28 -30 MMP-9 is thought to be involved in destruction of the arterial media and plaque growth. 31 Moreover, targeted deletion of the MMP-9 attenuates collagen accumulation and enhanced expression of other MMPs after myocardial infarction, suggesting that MMP-9 plays a prominent role in extracellular matrix remodeling. 32 MMP-9 levels also predict cardiovascular risk in patients with CVD, [15] [16] and functional variants in MMP-9 gene are associated with severity of vascular disease 13 and large artery stiffness 14 in patients with CVD. However, the role of elastases in essential hypertension remains controversial because increased and decreased MMP-1, MMP-2, and MMP-9 levels have been reported. [33] [34] [35] Moreover, the role of elastases in arterial stiffening per se and in ISH has not been investigated previously. Therefore, the aim of the present study was to investigate the relationship between serum elastases and aortic stiffness using ISH as a model of large artery stiffening 
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but also in a much larger cohort of younger, healthy subjects free from the potential confounding influence of CVD or cardiovascular risk factors. Previous studies have demonstrated increased large artery stiffness in subjects with ISH. 36 However, only 1 has previously reported increased aortic PWV in ISH, and that difference did not persist after correcting for differences in MAP. 37 In the present study, aortic PWV was increased in the ISH group at ambient pressures compared with matched, normotensive controls, and this difference persisted even after adjusting for the slightly higher MAP in subjects with ISH (Ϸ17% higher). Conversely, although brachial PWV was higher in the ISH group, this difference did not persist after correcting for MAP, suggesting predominant stiffening of the central elastic arteries in ISH rather than the peripheral muscular arteries. Indeed, the brachial artery is known to stiffen much less with age than the aorta. 1 In contrast, AIx, a surrogate measure of systemic arterial stiffness and wave reflection, 23 did not differ significantly between the groups, although augmented pressure did. This suggests that large artery stiffening rather than enhanced wave reflection is the major abnormality in ISH, possibly because by the sixth decade, wave reflection has reached a peak, and from then on, further increases in aortic and brachial pulse pressure are driven mainly by increasing large artery stiffness. Although Mitchell et al 37 did find a difference in AIx between ISH and controls, values of AIx in their normotensive subjects were surprisingly low, 38, 39 and previous data indicate that AIx changes little after age 50 even in normotensives. 1, 38 Serum MMP-9 and MMP-2 levels were significantly higher in subjects with ISH than in the matched controls. Importantly, levels of TIMP-2, which inhibits the enzymatic activity of both MMPs, did not differ significantly between groups, suggesting increased MMP-9 and MMP-2 activity in ISH subjects. Indeed, SEA was also significantly raised in the ISH group. For the group as a whole, MMP-2, MMP-9, and SEA were positively associated with aortic PWV. A number of factors such as age and MAP are also known to influence arterial stiffness. 1 Therefore, multiple regression analysis was used to control for potential confounding influences. This identified MMP-9 as the most important predictor of aortic PWV, followed by age and MAP. Likewise, MMP-2 and SEA were independent predictors of aortic PWV. The relatively low predictive value of age in this study is likely to be attributable to the narrow age range of the cohort. In addition, none of these serum markers associated with the lipid fractions or glucose, a finding in line with data published previously on diabetic subjects. 40 In the second study, undertaken in younger subjects, stepwise regression identified age, MAP, MMP-9, CRP, and male gender as independent predictors of aortic PWV. Overall, the model accounted for 60% of the observed variance in aortic PWV. In a separate regression analysis, SEA also predicted aortic PWV.
We and others recently reported an association between inflammation and arterial stiffness. [41] [42] Interestingly, MMP-9 but not MMP-2 is largely an inducible enzyme, and a number of cytokines (interleukin-6 [IL-6], IL-1␤, tumor necrosis factor-␣) increase MMP-9 expression. [43] [44] Indeed, MMP-9 expression and circulating levels are raised in inflammatory conditions such as temporal arteritis, 45 Takayasu's arteritis, 46 and Kawasaki disease. 47 In the present study, we confirmed an independent association between the acute phase reactant CRP and aortic PWV, and demonstrated a significant association between serum MMP-9 levels and CRP in healthy individuals. This suggests that inflammation may result in arterial stiffening because of increased MMP-9 activity and enhanced degradation of elastin within the arterial wall. However, further cohort studies are clearly required to address this issue and to explore the causal relationships between these serum markers and arterial stiffening.
Potential Limitations
There are a number of inhibitors of elastase activity in the serum and tissue, including TIMP-1, TIMP-2, TIMP-3, and ␣ 1 antitrypsin. In the present studies, MMP mass rather than activity was assessed. However, the levels of TIMP-2, a specific inhibitor of MMP-2 and MMP-9, did not differ between ISH subjects and controls, suggesting an actual increase in MMP activity. We also assessed total SEA using an established colorimetric assay, which confirmed increase elastase activity in subjects with ISH and a significant relationship between SEA and PWV. Although SEA measures MMP and serine elastase activity, initial experiments indicated that Ͼ90% of SEA was inhibited by EDTA, suggesting that zinc-containing MMPs make by far the largest contribution to SEA.
The cross-sectional nature of the present study also limits our ability to infer a causal relationship between elastases and arterial stiffness. Indeed, experimental models of hypertension in animals suggest that enhanced mechanical stress induced by acutely raising blood pressure increases the synthesis of elastin and collagen of arteries, and this in turn elevates the synthesis of MMP-9. 48 However, the fact that we were able to demonstrate a relationship between aortic PWV and MMP-9 levels in younger normotensive subjects, independently of MAP, suggests that MMP-9 levels may not simply reflect increased MAP and hence vascular load. However, further studies are required to determine whether increased elastase activity and MMP-9 activity in particular lead to arterial stiffening and to explore potential mechanisms. Finally, because we deliberately excluded individuals with hypercholesterolemia and diabetes from both studies, we did not show any independent relationship between cholesterol, glucose, and arterial stiffness, as we and others have observed previously. 49 
Summary
Large artery stiffness is an important determinant of cardiovascular risk. The present study indicates that SEA, MMP-9, and MMP-2 are increased in subjects with ISH, and that MMP-9 levels correlate independently and significantly with aortic PWV in individuals across a wide age range. This suggests that serum elastases, particularly MMP-9, may be involved in the process of arterial stiffening and the development of ISH. Therefore, inhibitors of MMP-9 may be of benefit in reducing arterial stiffness and thus cardiovascular risk in patients with accelerated or premature stiffening.
